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Introduction
Besides a series of other functions, the biogenic amine histamine serves as a pro-inflammatory mediator, commonly recognized in cases of allergic inflammation. With the exception of allergic asthma, symptoms of allergic diseases can be readily controlled using pharmacological inhibitors acting at the H 1 R. This activity can be explained by the functional expression of H 1 R on vascular smooth muscle cells and on endothelial cells, on which histamine induces contraction and dilation, respectively (Ashina et al., 2015) . The latest identified histamine receptor, H 4 R, was initially described to be expressed on cells of hematopoietic origin such as mast cells, eosinophils, T cells and dendritic cells. H 4 R is functionally involved in the pathogenesis of several models of inflammatory diseases, and this function has largely been attributed to its expression on hematopoietic, i.e. immune cells. However, an increasing body of evidence now suggests that H 4 R is functionally expressed on non-hematopoietic cells, too (Cianchi et al., 2005; Breunig et al., 2007; Morini et al., JPET Manuscript #264408 6 involved in the pathogenesis of experimental colitis models, the mechanism beyond, i.e. the cellular source of histamine/H 4 R function in colitis, still remains elusive.
In this study, a variety of methodological approaches was used to collect data indicating that colonic epithelial cells are responsible for such effect. Most importantly, antibody-based detection of H 4 R was consequently avoided in favor of highly specific and sensitive molecular biological techniques complemented by functional analyses. In summary, we demonstrate that inflammation, at least colitis in mouse models, can be regulated by histamine via the H 4 R not only by an effect on immune cells but also via its effect on epithelial cells.
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Evaluation of disease activity
Mice were examined at 24 h intervals and a disease activity index (DAI, adopted from Alex et al. (Alex et al., 2009) ) ranging from 0 to 14 was employed. The DAI based on total body weight loss (0: no weight loss, 1:
≤ 5 %, 2: ≤ 10 %, 3: ≤ 15 %, 4: >15 %), stool consistency (0: normal, 2: soft, 4: diarrhea, 6: no defecation) and peranal bleeding (0: no bleeding, 2: little bleeding, 4: massive bleeding/no defecation).
Histology
Cola were fixed in 4 % (v/v) formaldehyde (Merck, Darmstadt, Germany), embedded in paraffin, sliced, and stained with hematoxylin/eosin (H/E). Stained tissue slices were analyzed in a blinded fashion by two independent researchers. A histological severity score (The Jackson Lab (TJL)-score) was calculated by evaluating the overall severity of inflammation (0: normal, 1: mild, 2: moderate, 3: severe), the hyperplasia (0:
normal, 1: mild, 2: moderate, 3: severe), the degree of ulceration (0: no ulcers, 1: 1-2 ulcers involving up to 20 crypts, 2: 1-4 ulcers involving 20 to 40 crypts, 3: any ulceration exceeding the aforementioned criteria) and the area of affected tissue (0: 0%, 1: ≤ 30%, 2: > 31% ≤ 70%, 3: > 70%). The maximum score thus sums up to 12 per segment and 36 per the whole colon of a mouse.
Excision of colon epithelial layers by laser capture microdissection
Colon tissue slices were mounted on a poly-l-lysine-coated membrane attached to a metal frame. The tissue was de-paraffinized and stained by hemalum staining, and then epithelial layers were excised by laser capture microdissection (LCMD) using the CellCut Plus system (MMI Molecular Machines & Industries AG, JPET Manuscript #264408 and centrifuged for 10 min at 100 g and 4 °C. The pellet containing the crypts was washed 5 times by resuspension in dissociation buffer supplemented with Y-27632 followed by centrifugation as described above.
Crypts were processed to single cells by suspension of the crypts in TrypLE Express (Thermo Fisher Scientific), subsequent transfer into C-tubes (Miltenyi Biotech) and digestion using the GentleMACS dissociator (Miltenyi Biotech) running the program "m-intestine-1" for two times, separated by a 5 min incubation at 37 °C.
The obtained cellular suspension was added to ice-cold minigut medium (advanced DMEM/F12, 2mM L-Glutamine, 10mM HEPES, 100U/ml penicillin, 100µg/ml streptomycin, 1x N2, 1x B27), filtered through a 100 µm cell strainer, and then centrifuged for 10 minutes at 300 g and 4 °C. The pellet was suspended in minigut medium to count the obtained single cells.
In order to prepare EpCAM + cells, single cells were pelleted and suspended in autoMACS running buffer (Miltenyi Biotech). Biotin anti-mouse CD326 (EpCAM; Miltenyi Biotech) was added to the cell suspension and incubated for 15 min at 4 °C. The cells were washed twice in autoMACS running buffer, then resuspended in running buffer containing α-biotin MicroBeads (Miltenyi Biotech) and incubated for 15 min at 4 °C. After washing in running buffer, the cells were suspended in running buffer and EpCAM + cells were enriched using the autoMACS Pro Separator (Miltenyi Biotech). In the resulting cell suspension, EpCAM expression and absence of expression of CD45, CD19, CD3, CD11c, Ly6G, and F4/80 were verified by flow cytometry.
Generation of colon organoids ("colonoids") and preparation of monolayers
Crypts were isolated essentially according to the method described in (Mahe et al., 2015) .
Approximately five hundred crypts were suspended in 50 µl 3D-matrix (50 % [v/v] Matrigel; Thermo Fisher Scientific), placed in the center of a well of a 24-well plate, and incubated for 20 min at 37 °C. Then, 500 µl colonoid growth medium (50 % DMEM/F12 plus 50 % DMEM/F12 medium pre-conditioned using L-WRN cells, supplemented with 10 % (v/v) FCS, 2 mM L-Glutamine, 10 mM HEPES, 100 U/ml penicillin, 100 µg/ml streptomycin, 1x N2, 1x B27) supplemented with 1 µM EGF and 10 µM Y-27632 were added. The medium was replaced with fresh medium every other day. After 7 days in culture at 37 °C, 5 % CO 2 , in a humidified atmosphere, colonoid cultures were split by physical disintegration of the 3D-matrix, recovery of the colonoids by centrifugation, and resuspension in fresh 3D-matrix as described above.
Organoid-derived monolayers were generated by recovery of the organoid cells using Cell Recovery Solution (Corning, Wiesbaden, Germany) and placing the obtained cells on 24-well tissue culture inserts (Sarstedt, Nürmbrecht, Germany) coated with diluted 3D-matrix. Culture conditions of monolayers were This article has not been copyedited and formatted. The final version may differ from this version.
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identical to that of colonoids except that growth medium was replaced by differentiation medium (90 % DMEM/F12 plus 10 % DMEM/F12 pre-conditioned using L-WRN cells, supplemented with 10 % (v/v) FCS, 2 mM L-Glutamine, 10 mM HEPES, 100 U/ml penicillin, 100 µg/ml streptomycin, 1x N2, 1x B27, 1 µM EGF).
mRNA quantification
Organoids were released from the 3D-matrix using the Cell Recovery Solution (Corning). RNA from all samples was extracted using the Nucleospin RNA II kit (Macherey-Nagel) essentially according to the manufacturer's instructions. The colon tissue specimens dedicated for mRNA analyses were lysed using the 
Measurement of transepithelial electric resistance (TEER)
TEER was measured using the EVOM epithelial Voltohmmeter together with the STX2 chopstick electrode (World Precision Instruments (WPI), Sarasota, USA). Measurements were performed within 5 min after taking the culture plates out of the incubator in order to eliminate the disturbances due to temperature variations. Electrodes were equilibrated and the measurements performed essentially as recommended by the manufacturer. The resistance of a blank (insert without cells) was measured in parallel to the samples and the samples' resistances were calculated by subtracting the blank value from the samples' total resistances. Finally, by multiplying the samples' resistances by the area of the inserts' membrane, the resistance values were adjusted to the area, resulting in the unit Ω*cm 2 .
Measurement of cellular metabolic activity (XTT-Assay)
Confluent monolayer cell cultures derived from WT organoids were culture for one week at 37 °C / 5 % (v/v) CO 2 in a humidified atmosphere. Then, the cells were stimulated with 10 µM histamine. On day 5 after addition of histamine, XTT working reagent (Cell Proliferation Kit XTT, AppliChem, Darmstadt, Germany) was added to the wells according to the manufacturer's instruction. A control well without cells served as background control. The absorption of the formazan dye formed was measured at 475 nm after incubation of the cells for 5 hours at 37 °C / 5 % (v/v) CO 2 in a humidified atmosphere.
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Results

Function of H 4 R on extra-hematopoietic cells
Recent data question the exclusive expression of H 4 R on hematopoietic cells (Cianchi et al., 2005; Breunig et al., 2007; Morini et al., 2008; Connelly et al., 2009; Lethbridge and Chazot, 2010; Rossbach and Bäumer, 2014) . In order to analyze a possible function of H 4 R in DSS-induced colitis on extra-hematopoietic cells, we generated bone marrow chimera and submitted them to DSS-induced colitis. WT mice that received Examination of the lengths of cola and caeca did not reveal any differences between the experimental groups ( Supplementary Fig. 2 ). The quantitative analysis of histological derangements in the cola mirrored the results of the DAI analysis: the degree of inflammatory signs in cola of H 4 R -/-→WT mice was as high as that in WT→WT mice, while in WT→H 4 R -/mice the derangements were reduced similar to that in H 4 R -/-→H 4 R -/mice ( Fig. 2B ). An essentially identical observation was made when evaluating the histology of the caeca (data not shown preparations of BALB/cJ WT mice (Fig. 3A) . The corresponding ΔCt WT value (H 4 R/-actin) was calculated to be 13.39 ± 0.38. In samples from H 4 R -/mice, specific H 4 R-derived sequences could not be detected ( Fig. 3A ;
ΔCt H4R -/-: ∞), demonstrating the specificity of the method.
Radio-resistant cells of the colon involved in inflammatory reactions are, besides others, epithelial cells.
Thus, we hypothesized that colonic epithelial cells functionally express the H 4 R. In order to test this, we initially took advantage of laser capture microdissection to access colonic epithelial cells (Fig. 3B, insert) . In samples obtained from WT mice, but not from H 4 R -/mice, H 4 R-encoding mRNA was observed ( Fig. 3B and data not shown; ΔCt WT : 17.44 ± 0.80). This observation was supported by a second assay system using another method to generate colonic epithelial cells, i.e. the preparation of colonic crypts (Fig. 4A) . Indeed, H 4 R expression was observed in the preparation of entire WT crypts ( in vitro by organoid culture and then processed to monolayers demonstrated an increasing TEER (Fig. 6A , days 0 -15), concomitant with the cultures becoming a confluent layer (data not shown). Thereafter, the TEER remained at a rather constant level, which did not differ significantly between WT and H 4 R organoids ( Supplementary Fig. 3 ). Addition of histamine significantly reduced the TEER in the cultures, as compared to solvent (H 2 O)-treated controls (Fig. 6A, days 16 -35 ). The reduction of the TEER could be the consequence of reduced cellular proliferation and/or enhanced cell death. However, the metabolic activity in the monolayer culture, which is indicative for both proliferation and death, is not affected by the addition of histamine (Fig.   6B ). Histamine not only reduces the TEER of colonic epithelial cell monolayers after having reached a maximum but also in cultures in which TEER is still increasing, more closely resembling the in vivo situation (Fig. 6C ). This effect of histamine could be blocked by the specific H 4 R antagonist JNJ7777120. Neither JNJ7777120 alone nor its solvent DMSO has any effect on the TEER (Fig. 6C ). In addition, histamine is not able 
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to reduce the TEER in epithelial monolayers obtained from colonoids generated from genetically H 4 R-deficient mice (Fig. 6D) .
Discussion
The function of histamine in inflammatory diseases of the gut has long been discussed, but a cell type conveying this function via the H 4 R has not been identified so far. Due to data obtained using models of inflammatory diseases of other organs, one can hypothesize that in colitis the pro-inflammatory function of H 4 R is mediated by cells of the immune system, e.g. macrophages, dendritic cells, mast cells or eosinophils (Cowden et al., 2010; Beermann, Glage, et al., 2012; Yamaura et al., 2012; Mahapatra et al., 2014; Hartwig et al., 2015) . In order to test this hypothesis, we generated bone marrow chimeric mice and subjected them to DSS-induced colitis.
Although the experimental setup is quite complex and time-consuming, it is well-suited to analyze the role of radio-sensitive and radio-resistant cells in DSS-induced colitis (Iwasaki et al., 2006) . The obtained data indicate that radio-resistant cells are necessary to provide the pro-inflammatory function of H 4 R, while radio-sensitive cells only play a minor role. The radio-resistant cell compartment is composed of mostly non-hematopoietic, thus non-immune cells, but contains also some tissue-resident immune cells such as macrophages and dendritic cells. Since macrophages and dendritic cells contribute to colitis (Dunford et al., 2006; Muzaki et al., 2016) and
functionally express H 4 R (Yamaura et al., 2012; Bain and Mowat, 2014) , their involvement in the H 4 R's proinflammatory function in colitis formally cannot be excluded. Both these cell types reside within the colon wall, and indeed, in whole colon samples we verified the expression of H 4 R. Due to the lack of antibodies specifically recognizing H 4 R Seifert et al., 2013) , immune histochemical methods to detect H 4 R expression in colon samples were excluded. Alternatively, we applied laser capture microdissection in combination with real-time qPCR and focused on the colonic epithelial layer. Indeed, in colon epithelial cells mRNA expression of H 4 R was identified and verified by a second sample preparation method, i.e. the generation of colonic crypts. The colonic epithelial layer is composed of several cell types, such as epithelial stem cells and terminally differentiated absorptive enterocytes, enteroendocrine cells, and goblet cells; however, also macrophages and dendritic cells are closely located (Czerner et al., 2014) . Still, the question remained whether hematopoietic or non-hematopoietic cells within the colon are responsible for H 4 R mRNA expression. In order to exclude hematopoietic cells from our analyses, we sorted EpCAM + epithelial cells (Litvinov et al., 1994) 
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The expression of H 4 R mRNA does not necessarily signify functional protein expression. In order to meet this issue, organoids were generated out of colonic crypts (colonoids) enabling the in vitro expansion of colon epithelial cells. Cells obtained thereof can be seeded in cultures on permeable tissue culture insert membranes, where they differentiate into a coherent polarized monolayer that allows to experimentally distinguish between the apical and the basolateral membranes (Moon et al., 2014) . This system resembles the epithelial layer in the colon including its barrier function which is defined by the ability for a directed and selected transport of molecules and ions, i.e. charges, resulting in the generation of a physico-chemical gradient that can be measured as TEER. Using such system, it is demonstrated that histamine reduces the TEER to about 50 % of the untreated layer. This effect is mediated by the H 4 R, since it is totally blocked by addition of the H 4 R-specific antagonist JNJ7777120 (Thurmond et al., 2004) and since it is absent in epithelial layers generated from H 4 R-deficient mice. Thus, mouse colon epithelial cells functionally express the H 4 R. This conclusion is in direct contrast to that of the study by Wechsler et al., who did not detect any H 4 R mRNA expression in EpCAM + mouse colon epithelial cells (Wechsler et al., 2018) . A possible reason is the low abundance of H 4 R mRNA in mouse colon epithelial cells. Although we have optimized the detection method in terms of sensitivity and specificity, ΔRn values in our qPCR assays only are still at about 40. One might argue that such low ΔRn values result from a false positive detection, but the combination with the functional data rendered the H 4 R expression conclusive.
Lastly, this conclusion fits well to the pro-inflammatory function of the H 4 R in DSS-induced acute colitis in mice (Schirmer et al., 2015 (Schirmer et al., , 2018 . The H 4 R-mediated reduction of the epithelial barrier function may promote antigenic spread into the mucosal tissue and subsequently the granulocytic infiltration.
Reduction of epithelial barrier function measured in vitro as decline of TEER induced by e.g. bacterial infection is a rapid process, occurring within hours (Ch Stratakos et al., 2017) . The histamine-induced reduction of TEER in mouse colonoid-derived monolayers, however, is rather slow, reaching its maximum effect after an incubation of two to three days. The barrier function and thus TEER is regulated by the cellular cohesion within the epithelial layer. Tight junction proteins, which seal the paracellular space between epithelial cells, are responsible for this function (Bhat et al., 2019) . A fast change of TEER within minutes to hours can be attributed to the re-distribution of tight junction proteins towards the cell periphery (Barreau and Hugot, 2014) . In the present study, the H 4 R-driven decline in the TEER of colon-derived epithelial monolayers has manifested within a period of several days, indicating a transcriptional regulation instead of a spatial reorganization of proteins.
Thus, the expression of a series of 16 genes encoding junctional proteins, that are described to be involved in colonic barrier function, was assessed, but without revealing any histamine-induced alterations (data not shown).
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In conclusion, this study provides evidence that colon epithelial cells obtained from BALB/cJ mice express the H 4 R, which probably mediates the pro-inflammatory function of histamine in experimental colitis by affecting the epithelial barrier function. Thus, targeting the H 4 R in IBD with the growing repertoire of H 4 R antagonists (Thurmond et al., 2017) is a promising therapeutic approach. In this context, it will be of particular importance to show a functional expression of the H 4 R in human colon epithelial cells, too. Finally, based upon these data, the molecular mechanisms at the bases of the inflammatory effects of the H 4 R still have to be elucidated in an appropriate epithelial model system as has been done before e.g. for analysis of G-protein coupling in Sf9 cells (Schneider and Seifert, 2017) .
